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Entanglement spectroscopy
A pure bipartite quantum state is entangled if it can not be written as
V)ap # [Ya) @ [Yp)  TEEtpetitititet
A B

The reduced state is mixed and given by a density operator

pa =Trp(|Y)Y|4p)

The largest eigenvalues \; > A5 --- > ). of pa contain information about
the nature of entanglement between subsystems A and B. [Li, Haldane 0]

Newton-Girard Formula
[Song et al. 2012]

{Tr(p) tn=1,. r» o) X\ > Xy >\,



Entanglement spectroscopy
A pure bipartite quantum state is entangled if it can not be written as
V)ap # [Ya) @ [Yp)  TEEtpetitititet
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The reduced state is mixed and given by a density operator

pa =Trp([Y)Y]4p)

The largest eigenvalues \; > A5 --- > ). of pa contain information about
the nature of entanglement between subsystems A and B. [Li, Haldane 0]

(Quantum Computer) (Classical Computer)
Newton-Girard Formula
| " 1 [Song et al. 2012]
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[Key observation: Tr(p"}) = <¢|®” WXclic




Previous algorithms for Tr(p})

« Algorithm based on the Hadamard Test [Johri, Steiger, Troyer 17]

« Algorithm based on the Two-Copy Test [YS, Cincio, Coles 19]

« Other (arguably) less NISQ-friendly algorithms [Lloyd, Mohseni,
Rebentrost 14], [Subramanian, M.-H. Hsieh 19], ...
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Two-Copy Test

l
v) Bell basis
|\IJ> %L % measurement
1 State Overlap
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Two-Copy Test

» Two copies of the state are needed
» All qubits are measured
* Postprocessing scales linearly in system size

YS, L. Cincio, P. Coles (2019)
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Algorithm based on two-copy test
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Algorithm based on two-copy test

Permutation Overlap Measurement
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Qubit-efficient Algorithm [arXiv:2010.03080]

« Key intuition: When a register finishes its interactions, measure, reset, and
reuse to load a new copy. Repeat as necessary for n.
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Qubit-efficient Algorithm [arXiv:2010.03080]

« Key intuition: When a register finishes its interactions, measure, reset, and
reuse to load a new copy. Repeat as necessary for n.
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Qubit-efficient Algorithm [arXiv:2010.03080]

« Key intuition: When a register finishes its interactions, measure, reset, and
reuse to load a new copy. Repeat as necessary for n.
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Qubit-efficient Algorithm [arXiv:2010.03080]

« Key intuition: When a register finishes its interactions, measure, reset, and
reuse to load a new copy. Repeat as necessary for n.
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Qubit-efficient Algorithm [arXiv:2010.03080]

« Key intuition: When a register finishes its interactions, measure, reset, and
reuse to load a new copy. Repeat as necessary for n.
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Honeywell System HO
» Tested on Honeywell 6-qubit ion trap quantum computer.

« We ran qubit-efficient algorithm on three 2-qubit states for n =2,...,7,

The original algorithm would require 28 qubits, more than the 6 available.
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Effective Depth

* Numerical analysis shows qubit-efficient algorithms perform similar under noise.
« Circuit depth is a good heuristic in general. Deeper circuits perform worse.

* Depth can be a bad heuristic for circuits using resets.

— Evidence: Our circuits!

— Original algorithm has 0(1)-depth Original Alg.
— Qubit-efficient algorithm has ®(n)-depth w{7 %%
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Effective Depth

* Naive idea: longest time any qubit goes between resets

» Counterexample:
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Effective Depth

- Effective circuit depth: maximum length of a path along which there is
information flow.

« Then, both the original and qubit-efficient algorithms have effective depth 0(1).
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* Reduces to standard depth for circuits without resets.
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Summary

“Mid-circuit measurement and reset” is an underexplored tool that will be
crucial for the utility of NISQ devices.

« Our algorithms for estimating Tr(p}) require asymptotically fewer qubits but
achieve similar noise resilience. This enables entanglement spectroscopy of
larger quantum systems on NISQ devices than previously possible.

« Effective circuit depth generalizes standard depth to circuits using qubit resets.
Useful for predicting noise-resilience of such circuits.

« Open Question: What other algorithms and applications can be made NISQ-
ready using qubit resets?
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